Abstract-In the next generation mobile communication systems, high-speed and high-quality packet data services are demanded. Hybrid ARQ (HARQ) is known as one of the promising error control techniques for wireless packet transmission. However, in a severe frequency-selective fading channel, the single-carrier (SC) HARQ throughput performance degrades due to intersymbol interference (ISI). In this paper, we consider joint Tomlinson-Harashima precoding (THP) and frequency-domain equalization (FDE) to obtain the frequency-diversity gain while suppressing the residual ISI after FDE. We evaluate, by computer simulation, the SC HARQ throughput performance using joint THP/FDE in a frequency-selective Rayleigh fading channel.
I. INTRODUCTION
For the next generation mobile communication systems, high-speed and high-quality packet data services are demanded. Turbo coded hybrid ARQ (HARQ) is known as one of the promising error control techniques to realize the high-speed wireless packet access systems [1] . The use of high level modulation is essential [2] . However, the data transmission using high level modulation is vulnerable to the channel distortion. The distortion is produced by the fact that the channel is composed of many propagation paths having different time delays. The single-carrier (SC) transmission performance significantly degrades due to inter-symbol interference (ISI) [3] . Frequency-domain equalization (FDE) based on the minimum mean square error (MMSE) criterion can significantly improve the bit error rate (BER) performance of SC transmission [4] [5] [6] . However, the residual ISI after FDE limits the performance improvement, particularly when higher level modulation (e.g., 16QAM, 64QAM) is used. ISI cancellation techniques have been intensively studied to improve the BER performance of SC transmission using FDE [7, 8] . However, the use of ISI cancellation techniques increases the receiver computational complexity.
Recently, Tomlinson-Harashima precoding (THP) [9, 10] has been attracting much attention as an effective technique to suppress the ISI [11, 12] . Although THP requires the channel state information (CSI), THP can suppress the ISI without increasing the complexity of the receiver. Recently, we proposed a joint use of THP and FDE for SC transmission [13] . In our proposed scheme, THP is used to suppress the residual ISI after FDE. Assuming the perfect knowledge of CSI at both the transmitter and receiver, the residual ISI can be completely removed and the BER performance of SC transmission using high-level modulation can be significantly improved.
In HARQ system, error correction coding is indispensable. However, application of joint THP/FDE to turbo coded SC transmission is not simple. Log likelihood ratio (LLR) associated with each bit is required as the soft decision variable for turbo decoding. In this paper, we present the computation method of LLR for turbo decoding when using THP, and evaluate the throughput performance by computer simulation.
The rest of the paper is organized as follows. Sec. II presents the transmission system model of SC HARQ with joint THP/FDE. In Sec. III, the throughput performance of SC HARQ with joint THP/FDE is evaluated by computer simulation. Sec. IV concludes the paper.
II. HARQ WITH JOINT THP/FDE
In this paper, a symbol-spaced discrete-time representation is used. At first, we will present the transmission system model when using joint THP/FDE in Sec. II A. Next, LLR computation for turbo decoding will be presented in Sec. II B. In Sec. II C, the principle operation of HARQ type II S-P8 will be given. A. Transmission system model [13] 
where the matrix R is the feedback coefficient matrix of THP. The (i, j)th component of R is given by
where R is an upper triangular matrix (which is given by Eq.
T represents the modulo operation [14] at the transmitter. The modulo operator is applied to the real and imaginary parts of the input signal so that they are limited within a range of [−M, M). After the insertion of an N g -sample guard interval (GI), x is transmitted.
The transmitted signal vector x propagates the channel and is received at the receiver. The channel between the transmitter and the receiver is assumed to be an L-path frequency-selective block fading channel. The impulse response of the channel is expressed as
where h l and τ l are respectively the complex-valued path gain
and the time delay of the lth path. In this paper, we assume τ l =l. The received signal block in the time-domain can be represented using the vector form as
where E s and T s respectively denote the average transmit energy per symbol and the symbol duration, h is the channel matrix, and n=[n(0), …, n(N c −1)] T is the noise vector. h is represented as
n(t) is a zero-mean additive white Gaussian noise (AWGN) having the variance 2N 0 /T s (N 0 is the one-sided power spectrum density). The received signal is first transformed into a frequencydomain signal for performing FDE. After FDE, the received signal is transformed back to the time-domain signal. The timedomain received signal vector r after FDE can be expressed as [13] [ ]
where ĥ is the equivalent channel matrix and
T is the noise vector after FDE. ĥ is given as
with ,
where H(k) and w(k) respectively denote the channel gain and FDE weight. H(k) is given by
The equivalent channel matrix given by Eq. (7) is not a diagonal matrix and therefore the residual ISI is produced. To suppress the residual ISI after FDE, we use THP at the transmitter. However, since the equivalent channel is a noncausal channel, THP cannot be used directly. To use THP, we apply QR-decomposition [15] to ĥ in order to transform the non-causal equivalent channel into a causal channel. Using a unitary matrix Q and an upper triangular matrix R, ĥ can be expressed as
Multiplying the received signal vector r by the Hermetian transposition of the unitary matrix Q gives
Substituting Eq. (1) into (11), r can be rewritten as
which is input to the same modulo operator used in the transmitter to obtain the decision variable. The output of the modulo operator can be expressed as T represents the modulo operation at the receiver and the first, second, and third terms respectively denote the desired signal, modulo operation, and noise. If the noise can be neglected, 2Mz r ≈−2Μz t and the transmitted data symbol vector s is recovered without causing distortion at the receiver.
It was shown in [4] that when FDE is used alone, the best BER performance can be achieved by MMSE-FDE. However, for joint use of THP, the use of equal gain combining (EGC)-FDE provides the best BER performance, which is better than that achievable by "MMSE-FDE only" [13] . Below, we discuss why joint THP/EGC-FDE can provide better BER performance than joint THP/MMSE-FDE or maximum ratio combining (MRC)-FDE. If the residual ISI after FDE can be completely removed, MRC-FDE provides the best BER performance. Joint THP/FDE can suppress the residual ISI after FDE completely; however, QR-decomposition is performed on the equivalent channel matrix and the strong correlation between two column vectors of ĥ reduces the squared value of the diagonal components of R, which is the signal power. Although MRC-FDE can provide the largest SNR after FDE, the correlation is stronger for MRC than for EGC and MMSE. Therefore, the signal power significantly degrades. Since the equivalent channel matrix of MMSE-FDE is close to the diagonal matrix, the signal power loss due to QR-decomposition is small; however, the SNR after FDE is lower than MRC and EGC. On the other hand, EGC can achieve the SNR close to MRC when using FDE only and furthermore, the power loss due to QRdecomposition is smaller than that of MRC. As a consequence, joint THP/EGC-FDE provides the best BER performance. In this paper, for joint THP/FDE, we use the EGC-FDE weight given as
B. LLR computation for turbo decoding
The log-likelihood ratio (LLR) is computed as the soft decision variable for turbo decoding [16, 17] . From Eq. (13), LLR of the bit b belonging to the tth symbol is given by
where
is a set of symbols with the bit b of interest being b=0 or 1. We compute the LLR using r . The conditional probability density function ) 
where N is the number of symbol candidates,
is a candidate symbol with the bit b of interest being b=0 or 1. To remove the distortion introduced by the modulo operation at the transmitter, { =2M(x n +jy n ); x n , y n =0,±1,±2,…} is introduced. σ 2 (t) is the noise power given as
Eq. (16) can be approximated as . (19) Hence, the LLR of the bit b belonging to the tth symbol can be computed from [16] (20)
Turbo decoding is carried out using the LLR sequence.
As an example, the Euclidian distance between ) ( t r and s(t)+2Mz t (t) for 16QAM (four bits in one symbol) is discussed below. ) ( t r is represented by "x" and the symbol candidates are represented by "•, ○". Eq. (16) is needed for all n. The candidate symbols are distributed over the entire area due to the modulo operation at the transmitter. However, the true candidate symbols indicated by "•" are present only in the square area whose center is indicated by "x" and the other symbols indicated by "○" are images of true ones. The LLRs for four bits in the 16QAM symbol can be calculated using Eq. [18] In this paper, HARQ type II S-P8 [18] shown in Fig. 3 is considered. Turbo coding with rate R=1/3 is considered. The turbo encoder outputs the systematic bit sequence and two parity bit sequences. These sequences are punctured into nine sequences (including systematic bit sequence) by the puncturing matrices indicated by octal notation as shown in Fig.  3 For the first transmission, only the systematic bit sequence is transmitted. At the receiver, data decision and error detection are performed. If any error is detected in the received packet, second transmission is requested from the receiver by sending an NACK signal. When the NACK signal is received at the transmitter, the second packet (consisting of the punctured parity bit sequence) is transmitted. At the receiver, turbo decoding is carried out by using the first and second received packets. If any error is detected after turbo decoding, the NACK signal is transmitted again. One of the punctured parity bit sequences is transmitted each time the NACK signal is received at the transmitter until the 9th packet transmission. After the 9th packet transmission, the same packet is retransmitted.
C. HARQ Type II S-P8
With "MMSE-FDE only", when the same packet is retransmitted, the LLR sequence is computed after joint MMSE-FDE and packet combining [16] . However, with joint THP/FDE, since the non-linear modulo operation is performed at the transmitter, packet combining is not easy. In this paper, we apply packet combining based on LLR. When the whole coded sequence has been retransmitted Q times, the LLR of bit b belonging to the tth symbol is computed using [5] . An infinite number of retransmissions is assumed in the simulation. The throughput performance with joint THP/FDE is plotted in Fig. 4 as a function of average transmit symbol energy-tonoise power spectrum density ratio E s /N 0 . The throughput performance with "MMSE-FDE only" is also shown. With higher data modulation scheme, the Euclidian distance between the symbol candidates becomes smaller. Therefore, the throughput performance using "MMSE-FDE only" degrades due to the residual ISI after FDE and the noise. On the other hand, joint THP/FDE can perfectly remove the residual ISI after FDE (we are assuming the perfect knowledge of CSI) and can significantly improve the throughput performance in a higher E s /N 0 region. However, joint THP/FDE uses the modulo operation at the transmitter and therefore data decision is more vulnerable to the noise compared to the conventional MMSE-FDE. This causes the throughput degradation in a lower E s /N 0 region as seen in Figs. 4 (a) and (b) . Fig. 4 (c) shows the throughput performance with the adaptive modulation scheme. In Fig. 4 (c) , the modulation level which gives the best throughput is selected for each E s /N 0 . From this figure, it can be said that the throughput performance is significantly improved in a high E s /N 0 region by using joint THP/FDE.
IV. CONCLUSION
To realize the high-speed packet access, the use of higher level modulation is essential. However, with "MMSE-FDE only", the throughput performance degrades due to the residual ISI after FDE. Assuming the perfect knowledge of CSI at both transmitter and receiver, the residual ISI after FDE can be completely removed by using joint THP/FDE. Hence, the joint use of THP and FDE is promising for high-speed packet access. In this paper, we presented a joint use of THP/FDE for turbo coded HARQ transmission. We evaluated the throughput performance of HARQ using joint THP/FDE and have shown that joint THP/FDE significantly improve the throughput performance compared to MMSE-FDE when high level modulation is used. In this paper, we assumed the ideal channel estimation. However, in a real system, the channel estimation error is present and degrades the HARQ throughput performance. The impact of channel estimation error is left as an important future study. (a) QPSK, 16QAM.
